With a view mainly to safety considerations of LPG storage tanks, Vnotch Charpy, three point bending COD and wide plate tension tests were undertaken on four plate materials and thirteen weld metals welded by shielded metal arc, submerged arc and automatic TIG welding processes. In respect of fracture toughness of the weld metals, some correlation was seen between V-notch Charpy absorbed energy and three point bending COD value, both these values being found to be particularly high for Ni free 1.4Mn-Ti-B type weld metal. For the base metal, Ti-added Al-killed steel showed good toughness in the heat-affected zone by both V-notch Charpy and through-thickness notched three point bending COD tests. This latter test applied to specimens with surface notch, however, yielded a low COD value within 400 pm of fusion line for all the metals tested and for all values of heat input. Nonetheless, tensile tests using wide plate welded specimens with artificial defects located in the region of lowest toughness proved that, from considerations of fracture mechanics, all the joints possessed ample strength against brittle fracture initiation. It should thus appear that evaluation of welded joints may not always be valid when based on local three-point bending COD test, and that it should be more practical to assess the safety of such welded joints by wide-plate tests.
I. Introduction
The latest advances in fracture mechanics based on the concept of Crack Opening Displacement (COD) are making it possible to evaluate the safety of welded structures against brittle fracture, once adequate information is acquired on such aspects as the type, shape, size and position of the defects present in the weldment, and on the stress conditions affecting it -including residual stresses-as well as on the fracture toughness of the weld. Examples have appeared where such a fracture mechanics approach has been applied to weldments in offshore structures and LPG storage tanks, in which COD values are prescribed (cf o-50 oc>_--0.25 mm, for LPG storage tanks) to represent the fracture toughness.
Hitherto, LPG storage tanks have usually been constructed of normalized or quenched and tempered Al-killed steel, but their weldments have not always satisfied the prescribed COD values mentioned above. This has incited efforts in developing steel plate and welding materials of high COD characteristics, some of which have already been successfully applied in practice. A defect size such as envisaged for determining the required COD value (e.g., effective defect parameter d=12.5 mm) is difficult to imagine in the construction stage of storage tanks. If the fracture toughness value is to be established from the view-point of quality control, it should be considered in the light of various relevant factors such as the structure of welded joints, service conditions , and the capability of non-destructive testing techniques to detect defects, as well as the preloading effect produced by hydrostatic test.
The present study covers experiments on quenched and tempered Al-killed steel (corresponding to SLA 33B of JIS G3126 modified) aimed at improving weld fracture toughness by the addition of titanium, and on various welding materials intended for lowtemperature service, using shielded metal arc, submerged arc and automatic TIG welding processes. The fracture toughness of the weldments was measured by three-point bending COD test. The fracture behavior of welded joints was further examined using wide-plate specimens provided with artificial defects at positions of the lowest fracture toughness found in the previous tests. An examination is also made on the validity of assessing the safety of wholly welded joints from local COD values obtained by means of three-point bending COD test.
II. Experimental
Materials Tested
The plates used in the experiment were of four kinds of carbon steel for low-temperature service pressure vessels currently used in the construction of LPG storage tanks, and of thicknesses ranging between 12 mm and 26 mm. The materials were (A) BS-1501-224-28A (Si-killed steel), (B) SLA 33A, (C) SLA 33B, and (D) SLA 33B with Ti addition for improving the toughness of heat-affected zone.
The welding materials adopted in the present study were (a) commercially marketed Si-Mn-Mo series, (b) l.5N4.5 Ni series and (c) Ti-B added type, which are typical among the various compositions currently used for different welding processes. The chemical and mechanical properties of the steels and welding materials used are listed in Tables 1 and 2 .
Preparation of Welded Test Plates
Welded test plates were prepared by shielded metal arc, submerged arc and automatic TIG welding processes, using different welding positions and heat inputs. The grooves adopted on 12 mm thick plate were single bevel for horizontal submerged arc welding, and Vee for other welds; on thicker plates, asymmetrical K for horizontal submerged arc, and asymmetrical X for other welds. Welding was performed (943) without preheating, and the inter-pass temperature was kept below 100 °C.
Radiographic examination was applied after welding to check defects in weldments.
Test Items
In order to examine the fracture toughness of various welded specimens, and to ascertain the safety against brittle fracture initiation of welded joints, the following tests were performed. 1) Welded joint performance tests using small-size specimens i) Welded joint tension test, all weld metal tension test, side bend test ii) V-notch Charpy impact test iii) Hardness distribution measurement iv) Three-point bending COD test 2) Welded joint performance tests using large-size specimens i) Wide-plate welded joint tension test with angular distortion, misalignment, repair weld, through-thickness notch, slag inclusion, lack of fusion, etc. ii) Wide-plate test with cross-weld notched specimens or T-cross notched specimens.
III. Results
Hardness Distribution of Weld and Properties of Welded
Joints Measurements on hardness distribution in steel-D indicated that with all welding methods, the hardness was the highest in the weld metal. This is attributable to alloying elements added to the welding materials in order to ensure high notch toughness, which also accounts for the higher yield stress and tensile strength shown by weld metal than by base metal, as seen in Tables 1 and 2 . For the same reason, the specimens showed tensile strength exceeding 50 kgf/mm2, with fracture in base metal. Good results were also obtained in side bend test.
Fracture Toughness of Welded Joint
Three-point bending COD test was conducted on 23.5 mm thick specimens to examine the fracture toughness of welded joint. The specimen geometry and notch locations are shown in Fig. 1 . The specimens were provided with either (a) through-thickness notch on weld metal, (b) through-thickness notch on heat-affected zone, or (c) surface notch on heat-affected zone. After machining the notch, the notch root was given a compressive deformation of not more than 1 % to obtain a uniform crack extension. Table 2 . Properties of welding materials used. (1) During the terminal transient solidification of weld metal, B contributes to reducing free-N, while Ti protects B from oxygen.
(2) During austenite to a transformation, active B segregated in the weld metal grain boundaries retards the nucleation of proeutectoid ferrite, and TiO promotes the intragranular nucleation of acicular ferrite.
Photograph 1 shows the microstructures of 1.5 Ni, 2.5 Ni and 1.4Mn-Ti-B type weld metal in the region not affected by the ensuing thermal cycles. Photograph 1(a) represents the microstructure of a mixture of primary ferrite deposited at prior austenite grain boundaries, side plate ferrite extending from grain boundaries toward grain interior, and acicular ferrite. Photograph 1(c), on the other hand, reveals the microstructure of primary ferrite on prior austenite grain boundaries and fine acicular ferrite. Compared with Photos. 1(a) and (b), this structure indicates a larger portion of acicular ferrite, which is beneficial for toughness.
The relation between COD value o and V-notch Charpy absorbed energy vE in weld metal is represented in Fig. 3 , which confirms past reports3~ that have indicated difficulty in finding any significant relation between o and vE in the case of weld metal, on account of differences in chemical composition and thermal cycle. The various welding materials taken individually, however, reveal a correlation such as represented in Fig. 4 between the minimum COD values and V-notch Charpy absorbed energy, at least within the range of data obtained in the present study. Table 4 presents typical V-notch Charpy absorbed energy and COD values obtained by through-thickness notched specimens at -50 °C on heat-affected zone of 23.5 mm thick specimens welded with X groove. The data indicate that the toughness of heataffected zone is higher for the Ti-added steel-D than for other steels. The relation found between testing temperature and COD value by through-thickness notched specimens is shown in Fig. 5 for the heataffected zone of steel-D (23.5 mm thick, X-groove) welded by vertical shielded metal arc, vertical automatic TIG, and horizontal submerged arc processes. oc indicates an unstable fracture and om fully a ductile fracture. In all cases, COD values obtained were found to exceed 0.2 mm at -50 °C.
(2) Effect of Heat Input on Fracture Toughness Steel-D of 23.5 mm thickness was welded by submerged arc welding process with various heat inputs, to examine the differences brought on COD value at -50 °C . Three-point bending COD tests were conducted using either through-thickness notched specimen with 1/3 of notch length passing through heataffected zone or surface-notched specimen with notch tip located in the heat-affected zone close to fusion line. The results presented in Fig. 6 reveal a tendency for COD value to fall with increasing heat input in the case of through-thickness notched specimens (diagram (a)), whereas no such dependence on heat input is discernible for surface-notched specimens. In the latter specimens, there is seen a wider scattering of the plots, some of which show COD values even lower than 0.1 mm (diagram (b)). This scattering can be ascribed to the sensitive dependence of COD values on the precise position of notch tip in the heataffected zone, as described in the following section. (3) Dependence of Fracture Toughness on the Position of Notch Tip in Heat-affected Zone With a view to observing the microstructure at and around notch tip, specimens showing particularly low COD values were sliced close to the crack initiation point with a fine cutter, taking care to avoid overheating. Photograph 2 (a) is an example of microphotograph obtained on a specimen that had shown low COD value (23.5 mm thick steel-D welded by vertical shielded metal arc welding process at 35 kJ/ cm). The picture reveals that the notch tip was located very close to fusion line where there is seen to Figure 7 proves that the specimens of low COD value have their notch tip located within a narrow zone close to fusion line, the width of which differs to some extent with the kind of steel plate and heat input. In short, specimens giving COD values not exceeding 0.25 mm are those that have their notch tips not more than 400 pm away from fusion line. It is also noteworthy that, while better fracture toughness in heat-affected zone is shown by steel-D than steel-B, the difference can be considered to disappear in a limited zone very close to fusion line. On the other hand, when the notch tip is located in zones of fine microstructure produced by the ensuing thermal cycles, both steels-B and D show high COD values. An example is illustrated in Photo. 2(b) . Relationship between COD value in heat-affected zone of steel-D and temperature, obtained on joints welded by various welding processes. 
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Establishing the Initial Conditions
The factors requiring to be carefully decided for establishing the initial crack size include the working forces, service conditions, type of welded joint, and the capability of the non-destructive tests to be applied. In the case of offshore structures for service in the North Sea, the required COD value was established on the assumption that non-destructive tests could fail to detect surface defects of depth up to 12.5 mm and embedded defects up to 25 mm in complex configurations of welded structure, such as nodes of 63.5 mm thick plate.7) On LPG storage tanks, which are of arrangement far simpler than offshore structures, and constituted of much thinner Al-killed steel plates inherently little susceptible to welding cracks, there is extremely small probability of such size defects occurring in weldments. A survey undertaken on spherical tanks of high tensile strength steel has proved the largest defect escaping non-destructive tests to have been a plane defect of 20 mm long and 3 mm deep.8) While it is difficult to imagine a defect exceeding 1 0 mm in length escaping magnetic particle testing (though this would depend to some extent on surface condition), we have in this instance adopted a surface defect 20 mm long and 3 mm deep for considering the necessary value of fracture toughness.
Working Stresses
The High Pressure Gas Control Law of Japan prescribes 14.3 kgf/mm2 as design stress for steels SLA-33A and B. Based on this regulation, we have adopted 14.3 kgf/mm2 as tensile stress applying under normal service conditions in the circumferential direction of shell plate, and 27 kgf/mm2 as maximum stress applying in an earthquake, this value being equivalent to 60 % of the nominal tensile strength.9)
Propagation of Fatigue Crack through Vertical Seam in
Tank Wall We assume a hypothetical surface defect 20 mm long and 3 mm deep existing at the toe of a vertical seam (concave side) in tank shell plates 10, 20 and 30 mm thick having an angular distortion of 10 mm/m and a misalignment of 1.5 mm. The propagation of fatigue crack was estimated for the case where a cyclic load alternating between 0 and 14.3 kgf/mm2 is applied. Taking 30 years as required service life of an LPG storage tank, and assuming tank stock to be completely emptied and refilled at an average frequency of 6 times a month, the total number of load cycles applied during the useful life of the tank amounts to roughly 2 000.
The progress of crack by fatigue was estimated The configuration of defects after 2 000 cycles was estimated on the basis of the foregoing conditions. The result indicated that, assuming the envisaged initial defect (d== 3.2 N 3.6 mm) to begin propagating from the earliest stage of cyclic loading, the crack would not extend much beyond d=4.1 mm even without taking into account the contribution of preliminary loading applied in hydrostatic test. Compared with this strain affecting a defect located at the toe of weld, other defects of the same size existing in weld metal would be subject to smaller strain from bending applied to the defect.
Estimation of Requisite Fracture Toughness
Using Eqs. (2) and (3), the COD values required for preventing brittle fracture initiation at the toe of weld were estimated for both normal service and earthquake conditions, assuming the existence of a defect of the size adopted above in the T-cross joint where the effect of welding residual stress is expected to be maximized in the vertical seam of shell plates. Here, the preloading effect of hydrostatic test was neglected, as was also the non-homogeneities in welded joint. According to WES 2805, the residual stresses adopted were 0.8 times 33 kgf/mm2 (nominal yield stress of base metal) for defects located at toe of weld, and 0.8 times 55 kgf/mm2 (yield stress of weld metal) for defects located in weld metal of vertical seam. The angular distortion and misalignment adopted were 10 mm/m and 1.5 mm, respectively.
The COD values thus derived for preventing brittle failure initiation at the toe of weld were 0.04 and 0.05 mm for normal service and earthquake conditions, respectively; the corresponding values were 0.05 and 0.06 mm for crack in weld metal.
V. Verification of Safety by Wide-plate Tests

Wide plate Tests with Artjficial Defects in Weld Metal
With a view to examining the safety of LPG storage tank weldments, tensile tests were conducted using wide-plate specimens with artificial defects located in the region of lowest toughness. The results of threepoint bending COD test obtained with through-thickness notched specimens indicated that the COD value at -50 °C was lowest on the vertical seam of steel-A welded with 1.5 Ni electrode by shielded metal arc welding process. The minimum COD values were 0.03 and 0.06 mm for weld metal of 12 and 23.5 mm thickness, respectively.
Based on these results, T-cross welded wide-plate (949) test specimens (Type-I shown in Fig. 8(a) ) were prepared with steel-A of 12 and 23.5 mm thickness. These specimens were provided with through-thickness notch 50 mm long on weld metal of vertical seam in T-cross joint, after which the specimen was subjected to cyclic loading (alternating between 11.8 kgf/mm2 maximum stress and 1 2 kgf/mm2 minimum stress, 4K= 72-85 kgf/mm312), to generate fatigue crack at machined notch tip (0.15 mm wide). The vertical and horizontal seams (the latter seam provided to add residual stress) were welded with 1.5 Ni electrode by shielded metal arc welding process. The specimens thus prepared were tensile tested at -50 °C , with the results presented in Table 6 , which reveal that in all cases the fracture stress exceeded the yield stress of base metal.
The minimum COD values obtained from threepoint bending COD test and the results of these wideplate tests were used in estimating with Eqs. (2) and (3) the maximum defect size dmax permissible for fracture stress level. The working strain at the notch in Type-I specimens (Nos. 1 and 2), calculated with account taken of the strain due to angular distortion (w=:5 mm/m), misalignment (d= 1.5 mm) and residual stress, was found to be 2.09 X 10-3 for specimen No. 1 and 2.27 X 10-3 for specimen No. 2. From Eq.
(2), the corresponding values of dmax are 4.1 and 7.5 mm, respectively. A wide plate specimen having a fatigue crack of a =. 24 mm fractured at -50 ° C at a stress below the yield stress of weld metal (59.3 kgf/ mm2 at -50 °C) but above that of base metal (about 33 kgf/mm2 at -50 °C), thus satisfying the design conditions.
The COD values at crack tip derived from critical clip displacement in wide-plate test, using B.C.S. model far exceeded those obtained from three-point bending COD test, and reached beyond 0.45 mm at -50 °C for both specimens Nos . 1 and 2. This would indicate that, for the welded joints formed with welding material possessing yield stress and tensile strength higher than those of base metal, it should not always be valid to evaluate their fracture characteristics from local fracture toughness measured by three-point bending COD test.
z. Wide plate Tests with Artificial Defects in Heat-affected Zone We have seen in the foregoing sections that the heat-affected zone of steel-D possessing relatively good toughness will in some cases show low COD values when measured by three-point bending test. In order to examine the fracture behavior of welded joints at -50 °C , wide-plate tests were conducted using various kinds of specimens made from 12 to 26 mm thick plates of steel-D. The geometries and purposes of these specimens, together with other pertinent information, are given in Fig. 8 and Table 5 , respectively.
The specimens of Types-II and III (Figs. 8(b) and (c)) welded using 1.4Mn-Ti-B type electrode with target angular distortion of 15 mm/m and misalignment of 2 mm, and were tested with reinforcements left in as-welded condition. The specimen of Type-IV shown in Fig. 8(d) was notched through thickness (1/3 of its depth traversing heat-affected zone, remainder in weld metal) of vertical seam at its intersection with horizontal seam. This notch was made on vertical seam before welding the horizontal seam, with one tip situated close to fusion line in the heataffected zone of vertical weld near the seam intersection. The horizontal seam was then welded with Geometries of wide welded test plates with artificia 1 defects.
1.4Mn-Ti-B type welding material by submerged. arc welding process. The last specimen Type-V (Fig.  8 ) was made to have artificial slag inclusion or lack of fusion extending 200 mm in length and 3 to 6 mm in depth in heat-affected zone where the fracture toughness was lowest; this specimen was shaped without parallel part to ensure fracture at the defect. The results from specimens Types-I to IV are presented in Table 6, while Table 7 gives the corresponding results for Type-V specimens. The angular distortion and misalignment provided on Types-II and III specimens (14.0 mm/m, 4.0 mm and 15.0 mm/m, 3.7 mm, respectively) are appreciably greater than those tolerated in current standards and codes. It should also be noted that heat-affected zone at the weld toe, where stress tends to concentrate, is on the other hand a region exempt from repeated thermal cycle by welding and would hence possess a coarse microstructure. For this reason, the fractures have naturally been found to have initiated on the weld toe and to have propagated along the toe and into base metal.
On the other hand, the fracture stress of 64.5 kgf/ mm2 obtained on both Types-II and III specimens is far above the yield stress of base metal (about 48 kgf/mm2 at -50 °C) thus amply satisfying the design conditions. Even Type-IV specimen, provided with a sharp through-thickness notch 50 mm long in heataffected zone close to fusion line of vertical seam, and on which weld residual stress was superposed, has shown a net fracture stress of 47.3 kgf/mm2, which is still above the yield stress of base metal (about 43 kgf/mm2 at --50 °C).
The maximum defect size Amax permissible for fracture stress level for the Type-IV specimen was estimated from the minimum COD value obtained by three-point bending COD test (0.07 mm at -50 °C) and the results of wide-plate tests. With the same procedure as adopted for Type-I specimen, the bending strain by angular distortion (w=4 mm/m) and misalignment (d=1 mm) was considered, and the weld residual strain was assumed to be 0.8 X ey (ey : Yield strain of steel plate at room temperature=39.0 21000), from which Amax was found to be 5.1 mm using Eqs. (2) and (3). The Type-IV specimen with a notch of a = 25 mm, on the other hand, fractured at a stress that was still above yield stress of base metal. No pop-in was observed on the wide-plate specimen and the COD value at notch tip at fracture was 0.67 mm, which is higher than that obtained from threepoint bending COD test. The disagreement is now being studied and would be reported in future.
Tensile tests on Type-V specimens at -50 °C resulted in fracture stresses exceeding 58 kgf/mm2 with specimens containing slag inclusion, and 54 kgf/mm2 with those with lack of fusion, these values being above the yield stress of base metal (about 45 kgf/mm2 at -50 °C). In both cases, fracture occurred at the artificial defects. Measurement of the actual sizes of these defects after fracture proved the slag inclusions to be l95-199 mm in length and 3'-6 mm in depth (a = 3.2 mm) and the lack of fusion to be 200--'202 mm in length and 6.5-.6.8 mm in depth (a = 3.6 mm). The foregoing wide-plate tests at -50 °C undertaken to assess the fracture behavior of the welded joint with artificial defect located in the region of low COD value and envisaged for considering the propagation of fatigue crack under design conditions (d= 4.1 mm), have proved that the welded joint is amply safe against brittle fracture initiation.
A further fact brought to light by these wide-plate tests is that it should not always be valid to evaluate the safety of the welded joint as a whole from local COD values obtained by three-point bending COD tests : With the present state of knowledge, it is considered more practical to ascertain the safety of such welded joints by wide-plate tests.
VI. Conclusion
The fracture toughness of weldments on low temperature service Al-killed steels used for LPG storage tanks was examined using various steel plates, welding materials and welding processes. Moreover, the fracture behavior of welded joints was assessed at -50 °C by tests on wide-plate specimens provided with artificial defects (such as notches, slag inclusions, etc.) at positions of low fracture toughness. The following conclusions were obtained :
(1) The fracture toughness of weld metal differs widely with material composition. Welding materials containing Ti and B show fracture toughness superior to other types of materials, on account of their presenting microstructures containing a relatively large fraction of fine acicular ferrite.
(2) A certain correlation was found between COD value and V-notch Charpy absorbed energy in weld metals of a given composition.
(3) The fracture toughness of heat-affected zone on Ti-added, quenched and tempered type steel-D (SLA 33B) was assessed by through-thickness notched three-point bending COD specimens, which gave COD values exceeding 0.2 mm at -50 °C on the 
heat-affected zone, whether welded by vertical shielded metal arc, vertical automatic TIG welding processes or horizontal submerged arc welding process. (4) Three-point bending COD test conducted on the heat-affected zone of steel-D with surface-notched specimens gave low COD values (cf. 0.07 mm at -50 °C) at some positions close to fusion line in the heataffected zone presenting an upper bainitic structure region limited to within 400 gum at most from fusion line. This COD value is of the same level as that of normalized type steel-B.
(5) Wide-plate tests incorporating 1.5 Ni weld metal of inherently low COD value, and provided with fatigue-cracked through-thickness notches, proved that even these joints possessed ample strength.
(6) Other tests applied at -50 °C to wide-plate specimens prepared with angular distortion and misalignment, or with artificial weld defects at positions of low fracture toughness, also proved the welded joints to possess ample strength, and that they were practically safe against brittle fracture initiation.
(7) It should not always be valid to evaluate the safety of welded joints from local COD values obtained by three-point bending tests. With the present state of knowledge, it should be more practical to ascertain the safety of such welded joints by wideplate tests.
